The sphingolipid analog fingolimod is known to induce apoptosis of tumor cells and lymphocytes. Its effect on neutrophils has not been investigated so far. Here, we describe a fingolimod-induced atypical cell death mechanism in human neutrophils, characterized by rapid translocation of heat shock protein 27 to the cell surface, extensive cell swelling and vacuolization, atypical chromatin staining and nuclear morphology, and phosphorylation of mixed lineage kinase domainlike protein. Fingolimod also induces typical apoptotic features, including rapid externalization of phosphatidylserine and activation of caspase-8. Fingolimodinduced neutrophil death is independent of sphingosine-1-phosphate receptors and positively regulated by protein phosphatase A. Externalization of phosphatidylserine and heat shock protein 27 can be partially inhibited by inhibitors of caspase-8 [Z-Ile-Glu (O-Me)-Thr-Asp(O-Me)-fluoromethyl ketone], receptor-interacting protein kinase 1 (necrostatin-1), receptor-interacting protein kinase 3 (necrosulfonamide), and heat shock protein 90 [geldanamycin and 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin]. Furthermore, NADPH oxidase 1 inhibition with diphenyleneiodonium chloride protects neutrophils against fingolimod-mediated cell death. Overall, these observations suggest that fingolimod acts through a mechanism involving the necrosome signaling complex and the oxidative stress machinery. J. Leukoc. Biol. 98: 591-599; 2015. 
Introduction
Neutrophils, the most abundant leukocytes in human, play important roles in the defense against pathogens but can contribute to diseases, such as autoimmunity [1, 2] . Their lifespan is tightly controlled, ranging from a few hours in the circulation to a few days in inflamed tissues. Although the mechanisms of neutrophil death and subsequent elimination by phagocytosis have been studied extensively in vitro [3, 4] , the molecular patterns that signal the homeostatic versus immunogenic removal of circulating neutrophils remain to be elucidated.
Like most other cells, dying neutrophils expose on their surface the lipid PS, which is an early marker of apoptosis and a well-established "eat-me" signal [2] . Nevertheless, the redistribution of PS to the surface of neutrophils has been connected to cellular processes other than apoptosis [5] , and it is postulated that other signals may be more critical than PS in regulating neutrophil turnover [6] . More specifically, the concept of DAMPs has been proposed to explain the potential immunogenicity of dying, damaged, or stressed cells [7] . There are now many DAMPs known to activate TLR2 and TLR4, including HSPs and other intracellular molecules [8] . HSPs are typical intracellular chaperones whose expression is induced by heat shock and other stressors [9] . HSP27 binds to unfolded proteins to prevent their aggregation [10] . In addition to its role in proteostasis, HSP27 has a critical role in antiapoptotic pathways [11] . Importantly, HSP27 has been found to suppress cell death signaling in neutrophils [12] . Nowadays, it is widely accepted that HSPs can appear on the cell surface and in the extracellular milieu under certain circumstances [8] .
FTY720, also known as fingolimod or Gilenya (Novartis), is an oral sphingosine analog used for the treatment of patients with MS [13] . It acts as an immunosuppressant, which upon phosphorylation, is internalized by S1PR1 [14] . Better known for its ability to induce lymphocyte apoptosis [15] , FTY720 also exerts strong anticancer activity that does not require phosphorylation or S1PR1 interaction and that depends on restoration of PP2A function [16] . Whether FTY720 exerts similar effects on other immune cells, such as neutrophils, is unknown. It would be important to address this question to identify potential side effects or novel therapeutic applications of FTY720. Therefore, the goal of the present study was to determine whether FTY720 can induce neutrophil death and through which mechanism. The results provided below suggest a novel activity of FTY720, which may influence neutrophil homeostasis.
MATERIALS AND METHODS

Isolation and treatment of human peripheral blood neutrophils
Neutrophils were purified from granulocyte-enriched fractions and cultured as described [6] . Cells were incubated with FTY720 and FTY720 (S)-phosphate (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA) or cycloheximide (Sigma, St. Louis, MO, USA) at 3 3 10 6 /ml for 3 h. In some cases, neutrophils were preincubated for 30 min with necrostatin-1 or Z-IETD-FMK (both from Sigma); Q-VD-OPh (R&D Systems, Minneapolis, MN, USA); NSA (Tocris, Bristol, United Kingdom); geldanamycin, 17-DMAG, and radicicol (all from InvivoGen, San Diego, CA, USA); OA (Santa Cruz Biotechnology); or DPI (Sigma). Selective antagonists of S1PRs [JTE013, VPC23019, W146, or FTY720 (S)-phosphate; all from Santa Cruz Biotechnology] were added to neutrophils for 1 h and washed out before FTY720 treatment. Spontaneously apoptotic neutrophils were harvested after a 24 h incubation as described [6] .
Detection of cell death
Flow cytometry. PS externalization and PI permeability were detected as described [17] . Immunofluorescent staining was applied to determine Annexin I [anti-Annexin I mAb (BD Transduction Laboratories, Becton Dickinson, Franklin Lakes, NJ, USA) and APC-conjugated goat anti-mouse IgG (Abcam, Cambridge, United Kingdom)], CD16 (APC-Cy7-conjugated anti-CD16 mAb; eBioscience, San Diego, CA, USA), and HSP27 (DyLight 488-conjugated anti-HSP27 mAb, clone G3.1; Abcam) expression on neutrophils. Cells were incubated with antibodies for 30 min at 4°C and then analyzed by use of an LSRII cytometer (Becton Dickinson), FACSDiva (Becton Dickinson), and FlowJo (Tree Star, Ashland, OR, USA) software. Isotype control antibodies were from Enzo (Farmingdale, NY, USA), BioLegend (San Diego, CA, USA), and R&D Systems.
DNA laddering. For assessment of ladder-like DNA fragmentation, genomic DNA was isolated by standard phenol2chloroform extraction, and samples corresponding to 10 6 neutrophils were analyzed by 1.7% agarose gel electrophoresis, as described [6] . Membrane integrity. LDH was measured in cell-free culture media by use of the Cytotoxicity Detection Kit (Roche, Indianapolis, IN, USA), according to the manufacturer's protocol. Necrosis was induced by cell disruption with a Sonic Ruptor 250 sonicator (Omni International, Kennesaw, GA, USA).
Apoptotic and necrotic pathway activation. Neutrophils were lysed in SDSLaemmli sample buffer, and caspase-8 cleavage and MLKL phosphorylation was tested by Western blot.
Confocal laser-scanning microscopy
For detection of HSP27, neutrophils were cultured at 37°C on microscope slides, with or without FTY720 for 2 h 45 min, followed by incubation with DyLight 
Western blot analysis
For detection of phospho-ERK, HUVECs were treated and stimulated as described [18] . Neutrophil and HUVEC lysates were separated by SDS-PAGE in 12% gels and transferred to a polyvinylidene difluoride membrane (BioRad Laboratories, Hercules, CA, USA). Rabbit anti-ERK or phospho-ERK antibodies (Santa Cruz Biotechnology), mouse anti-caspase-8 mAb (clone 1C12; Cell Signaling Technology, Danvers, MA, USA), and rabbit antiphospho-MLKL (Ser358) antibodies (EMD Millipore, Billerica, MA, USA) were used to detect HUVEC activation, caspase-8 cleavage, or MLKL phosphorylation, respectively. Blots were probed with rabbit anti-GAPDH antibodies (Abcam) as loading control. Specific bands were visualized with appropriate secondary HRP-conjugated Igs (Bio-Rad or Santa Cruz Biotechnology) and the ECL system.
Statistical analyses
All statistics were calculated by use of Origin 8.1 (OriginLab, Northampton, MA, USA). Bar graphs represent mean percentage 6 SD. Statistical significance was set at 5% and calculated by use of Student's t test.
RESULTS AND DISCUSSION
FTY720 induces atypical neutrophil death
Although the ability of FTY720 to induce lymphocyte apoptosis is supported by irrefutable evidence [15, 19, 20] , still, little is known about its effect on the survival of primary human phagocytes. FTY720 specifically induces apoptosis of lymphocytes and lymphoma cells [20] via the mitochondrial pathway and activation of caspases [15] . Moreover, FTY720 has been shown to induce nuclear DNA fragmentation in HL-60 and Jurkat cells in vitro [15] , a phenomenon that can be blocked completely by the pan-caspase inhibitor Z-Val-Ala-Asp-FMK. To examine whether a similar mechanism is involved in the effect of FTY720 on neutrophils, we first analyzed PS externalization by Annexin V binding in neutrophils treated for 3 h with 10 mM FTY720 ( Fig. 1A and B) . PS redistribution in response to FTY720 was dose dependent and comparable with what was observed on spontaneously apoptotic neutrophils ( Fig. 1B and  C) . In addition, FTY720-treated neutrophils externalized Annexin I (Fig. 1D) , a typical surface marker of late apoptotic/ necrotic cells and an established eat-me signal. The absolute rate of neutrophils incubated with FTY720 that died within 3 h was 23 6 16% (Fig. 1A , and see Fig. 5A ), according to the most widely used cytometric determinant of cell death, that is PI permeability. Interestingly, whereas Annexin I typically appears on PI + cells, most FTY720-treated neutrophils, positive for Annexin I, excluded PI ( Fig. 1A and D) . Altogether, these results indicate that FTY720 induces atypical neutrophil death.
We have shown previously that other stimuli (i.e., staphopain B, a cysteine protease secreted by Staphylococcus aureus [21] ; cigarette smoke extract [22] ; and heat shock [17] ) can induce atypical neutrophil death. All of these stimuli result in common cellular changes, including cell-surface expression of PS and Annexin I and inhibition of apoptotic DNA fragmentation.
Consistently, FTY720-treated neutrophils did not show apoptotic DNA fragmentation even after a 24 h exposure ( Fig. 2A) , contrary to what was observed for physiologic and cycloheximideinduced apoptosis. The atypical character of FTY720-induced neutrophil death is supported further by the observation that a relatively low amount of LDH was released into the medium (Fig. 2B ). This suggests that the plasma membrane of the PI + cells is depolarized but not permeabilized for macromolecules, contrary to what it is observed during necrosis [23] .
As shown in Fig. 2D , the nuclei of FTY720-treated neutrophils were different from those of spontaneously apoptotic or cycloheximide-treated neutrophils. Indeed, instead of being condensed and hyperchromatic, their chromatin was relaxed and distributed in the cytoplasm. Accordingly, flow cytometric analysis [24] of FTY720-treated PI + neutrophils generated a broad, lowintensity peak, which could easily be distinguished from the histograms obtained with fresh and cycloheximide-treated neutrophils (Supplemental Fig. 1A) , as well as spontaneously apoptotic neutrophils (not shown). Collectively, these results suggest that FTY720-treated neutrophils die by a nonapoptotic mechanism.
FTY720 induces externalization of HSP27
To characterize better the features of atypical neutrophil death induced by FTY720, we compared by flow cytometry the expression of HSP27 on the surface of neutrophils cultured for 3 h, with or without FTY720 (10 mM). We found that ;1% of neutrophils was positive for HSP27 under control conditions, whereas 25% were after exposure to FTY720 (Fig. 3A and B) . For comparison, 19.5% of spontaneously apoptotic neutrophils (i.e., cultured for 24 h) were HSP27 + . Although the percentage of HSP27 + cells was similar in FTY-treated and apoptotic neutrophils, their fluorescence intensity differed substantially. Indeed, the MFI of FTY720-treated neutrophils was 2536, whereas that of apoptotic neutrophils was 500 (Fig. 3A) . The reason for this difference is unclear, but one possibility is that the immunogenicity of HSP27 may vary with the mechanism of cell death (e.g., as a result of post-translational modifications or oligomerization with distinct proteins). On cycloheximide-treated neutrophils, HSP27 was not detectable after 3 h and appeared after 18-24 h of incubation, depending on the donor (not shown). As shown in Fig. 3C , the effect of FTY720 on HSP27 expression was dose dependent. Interestingly, this HSP27 + subpopulation could be double stained with Annexin V and PI, suggesting a compromised plasma membrane. Despite the fact that HSP27 was found preferentially on the PI-permeable subpopulation, no HSP27 was detected in cell-free supernatants of FTY720-treated neutrophils (not shown). Furthermore, the cell-surface expression of HSP27 was analyzed by confocal microscopy (Fig. 3D) . The images showed that HSP27-specific fluorescence was distributed on the cell surface in a punctuate manner. HSP27 did not colocalize with PS (not shown). Inhibition of primary granule exocytosis with the Rac inhibitor NSC23766 did not change the levels of HSP27 at the cell surface, indicating that this pool of HSP27 does not originate from primary granules. Consistently, when control neutrophils were activated with PMA (a typical secretagogue), no expression of HSP27 was observed (not shown). Our results argue against the involvement of neutrophil granules in the transport of HSP27 to the cell surface and rather suggest a direct mobilization from the cytoplasmic pool. The HSP27 + cells did not exhibit typical morphologic features of apoptosis, such as cell shrinking and membrane blebbing. Instead, they appeared swollen and full of large vacuoles (Fig. 3D) . Dying cells reduce expression of many membrane receptors. As CD16 was the first cell-surface receptor identified as being reduced in cells undergoing apoptosis [25] , we examined its expression on FTY720-treated neutrophils. In contrast to the original finding by Dransfield and colleagues [25] , we observed only a moderate decrease of CD16 on total FTY720-treated neutrophils (the MFI was reduced by 40.2 vs. 80.8% on apoptotic neutrophils). Surprisingly, the CD16 expression was better preserved on HSP27 + cells (MFI was reduced by 5.0 vs. 78.3% on HSP27 2 neutrophils), resulting in bimodal fluorescence histograms (Fig. 2C) . To confirm the specificity of the HSP27 staining, we investigated binding of anti-HSP90 antibodies under the same conditions. As demonstrated by flow cytometry, there was no binding of anti-HSP90 antibodies to nonpermeabilized neutrophils, whereas strong fluorescence was observed following permeabilization (Supplemental Fig. 2 ). Together, these results suggest that HSP27 is externalized specifically on the surface of neutrophils by a mechanism that does not involve exocytosis, apoptosis, or plasma membrane permeabilization.
FTY720 acts on neutrophils by a mechanism that depends on PP2A but not S1PRs S1P induces HSP27 through a p38 MAPK-dependent mechanism [26] . HSP27 is a typical stress-induced chaperone whose cytoplasmic expression is up-regulated by several stressors that may also act in the course of inflammation [27] . Therefore, we speculated that the cell-surface expression of HSP27 might result from increased intracellular expression induced by stressors not necessarily connected to the SP1 pathway. To test this hypothesis, we exposed neutrophils to FTY720 or different immunogenic stressors (stressors reviewed in ref. [27] ): 1) LPS, a TLR4 agonist; 2) PMA, which induces HSP27 by activation of p38 MAPK; and 3) H 2 O 2 , which is generated during infection and induces expression of HSP27 by the oxidative stress response. We also tested heat shock, which occurs during fever and directly induces HSP27 through activation of heat shock factor 1 [28] . Surprisingly, only FTY720, the S1P pathway agonist, resulted in cell-surface expression of HSP27 on neutrophils (LPS: 1 6 0.3%; PMA: 0.8 6 0.6%; H 2 O 2 : 1 6 0.2%; heat shock: 0.7 6 0.4%).
In agreement with another report [18] , in our hands, FTY720 (S)-phosphate, but not FTY720, induced S1P1-dependent phosphorylation of ERK in HUVEC (Fig. 4A) . Contrary to our expectation, FTY720 (S)-phosphate, the active metabolite of FTY720, induced neither cell-surface exposition of HSP27 (Fig. 4B ) nor neutrophil death (not shown). Moreover, pretreatment with FTY720 (S)-phosphate did not prevent FTY720-induced cell death (not shown) and HSP27 expression (Fig. 4B ). This may result from the absence of S1PRs, whose cell-surface expression in neutrophils has not been demonstrated so far. Alternatively, the FTY720 activity described here may result from interaction with an unknown cellular target. To investigate further whether the effect of FTY720 was dependent on S1PRs, neutrophils were preincubated with selective S1P1 (W146, VPC23019), S1P2 (JTE013), or S1P3 (VPC23019) antagonists before FTY720 treatment. None of these antagonists inhibited FTY720-induced cell death (not shown) and HSP27 exposition (Fig. 4B) .
PP2A is associated with the regulation of apoptosis in neutrophils [29] . The type of cell death induced by OA, an inhibitor of PP2A, is characterized by apoptotic morphologic changes and Annexin V staining without DNA fragmentation [29] . Therefore, we investigated the effects of OA on the ability of FTY720 to induce neutrophil death. We found that a 30 min pretreatment with OA before the addition of FTY720 reduced PS and HSP27 externalization (Fig. 4B) . Overall, these results suggest that FTY720 acts on neutrophils independently of S1PRs but dependently on PP2A and that only the nonphosphorylated form of FTY720 is capable of inducing neutrophil death. Our data suggest that in neutrophils, active PP2A is indispensable for HSP27 externalization and atypical cell death.
Caspase-8, RIP1, RIP3, and MLKL are involved in FTY720-induced neutrophil death
We next examined the possibility that FTY720 induces necroptosis, a form of caspase-independent programmed cell death [30] . Necroptosis is characterized by activation of the TNFR1 complex IIc or necrosome, which comprises RIP1, RIP3, and MLKL kinases [31] . RIP3 and RIP1 bind together through their RIP homotypic interaction motif domains. Activation of RIP1/ RIP3 results in the phosphorylation of a downstream target, MLKL, which is functional in the necroptosis pathway. Inhibition of RIP1 kinase activity by the chemical inhibitor necrostatin-1 prevents RIP1/RIP3 interaction and blocks necrosis [32] . RIP3 can be chemically inhibited by NSA [33] .
Necrostatin-1 reduced PS exposition and PI staining in FTY720-treated neutrophils by ;10 and 25%, respectively (Fig. 5A) . Paradoxically, both of these parameters were even more reduced (by 50%) in the presence of the caspase-8 inhibitor Z-IETD-FMK (Fig. 5A) . Moreover, HSP27 expression was significantly and comparably reduced by both inhibitors (Fig. 5B) . Contrary to the current paradigm of caspase-independent death [34] , we observed simultaneous activation of caspase-8 and phosphorylation of MLKL in FTY720-treated neutrophils (Fig. 5C and D) . Cleavage of RIP1 was not observed (not shown). Activation of caspase-8 was inhibited by Z-IETD-FMK but not by necrostatin-1 or DPI. Phosphorylation of MLKL was inhibited most strongly by NSA and to a lesser degree by necrostatin-1 but not by DPI or Z-IETD-FMK. Significantly, NSA partially inhibited MLKL phosphorylation and caspase-8 activation, suggesting a novel connection between the necroptosis and apoptosis pathways in neutrophils.
The FTY720-induced surface expression of HSP27 was also inhibited by HSP90 inhibitors (geldanamycin, 17-DMAG, and + neutrophils preincubated or not for 1 h with W146 (10 mM), JTE013 (10 mM), VPC23019 (10 mM), FTY720(S)-phosphate (10 mM), or OA (1 mM) and treated or not for 3 h with 10 mM FTY720. The results are from 1 representative experiment out of 9 performed. *P , 0.05; **P , 0.01. radicicol; Fig. 5E ). Moreover, we observed dramatic inhibition of Annexin V and PI staining following pretreatment of neutrophils with HSP90 inhibitors (not shown). As HSP90 is the major chaperone of RIP kinases, these results further support the concept that FTY720 acts through the necrosome.
The effect of FTY720 depends on NADPH oxidase
Neutrophils do not undergo phagocytosis-induced cell death after treatment with the NADPH oxidase inhibitor DPI [35] . To test if oxidative stress is involved in FTY720-induced cell death, we inhibited NADPH oxidase by preincubating neutrophils with 20 mM DPI. This pretreatment reduced HSP27 exposition and PI staining in response to FTY720 (Fig. 6) , supporting the concept that NADPH oxidase does contribute to the effect of FTY720. In FTY720-treated neutrophils, we observed rapid depolarization of mitochondria (66% during 3 h; Supplemental Fig. 2B ), which developed faster than during spontaneous or cycloheximide-induced apoptosis. That suggests a massive, uncontrolled release of ROS from mitochondrial compartment and may help explain the protective effect of DPI. This is in line with a report indicating a critical involvement of NADPH oxidase in FTY720-induced apoptosis of tumor cells [36] . Consistently, human peripheral blood monocytes and monocyte-derived macrophages, which express 10-fold lower levels of NADPH oxidase compared with neutrophils [37] , are resistant to FTY720-induced cell death (not shown). Additionally, it has been shown that HSP90 inhibitors interfere with oxidative stress and modulate experimental atherosclerosis [38] . 17-DMAG reduced ROS and inhibited ERK in aortic plaques and also reduced NADPH oxidase activity in monocytes [38] . Likewise, we found that HSP90 inhibitors but not inhibitors of cell death (necrostatin-1, NSA, Q-VD-OPh) markedly decrease reactive oxygen intermediate generation in neutrophils (not shown). Interestingly, HSP90 inhibition during FTY720 treatment effectively hampered the surface expression of HSP27 (Fig. 5E ).
Conclusion
The present study demonstrates that FTY720, an immunomodulating drug approved for treating MS, induces rapid cellsurface expression of HSP27 and atypical cell death, which can be partially blocked with inhibitors of apoptosis, necroptosis, or NADPH oxidase. Collectively, our results reveal a role for the necrosome complex in FTY720-induced atypical death of neutrophils. Our identification of the necrosome as a crucial regulator of atypical neutrophil death and HSP27 might provide a potential, new target for the treatment of inflammatory diseases associated with neutrophil homeostasis. It is known that necrotic imbalance promotes inflammation and that apoptosis coupled with effective phagocytotic clearance helps resolve proinflammatory responses. In the future, it will be interesting to investigate whether the clearance of FTY720-induced atypical neutrophils resembles the clearance of apoptotic cells, a process that is "silent" and thus, serves to preserve homeostasis. Furthermore, the presented data allow us to speculate that FTY720 may reduce the number of functional neutrophils at infection sites, which would be in agreement with reports suggesting impaired antibacterial immunity after prolonged administration of FTY720 [39, 40] . AUTHORSHIP K.G. designed the study, analyzed data, and wrote the manuscript. J.S.-M., A.S., and M.B. conducted the experiments, performed analyses, and provided intellectual input. A.N. provided expertise in protein electrophoresis, blotting, and detection. M.Z. provided expertise in confocal microscopy and image analysis. L.V. provided intellectual input and revised the manuscript. 
